Petunia axillaris complex and P. integrifolia complex consist of three subspecies (ssp. axillaris, ssp. parodii and ssp. subandina) and two species (P. integrifolia and P. inflata), respectively. Since these taxa within each complex can only be distinguished by the flower morphology, it would be useful to discriminate them by DNA markers. In this study, we sequenced the 19th intron and the 20th exon of the PolA1 gene, a single gene encoding the largest subunit of RNA polymerase I, and showed clear differences between P. axillaris complex and P. integrifolia complex, and also among all the taxa within each complex. These sequence variations will be promising to develop PCR-based markers to discriminate taxa within P. axillaris complex and P. integrifolia complex.
Introduction
The genus Petunia (Solanaceae) was originally established by Jussieu (1803) and occurs primarily in subtropical and temperate South America. Later, Wijsman (1990) divided the genus into two genera, Petunia (2n = 14) and Calibrachoa (2n = 18). The genus Petunia is considered to comprise 19 taxa , Mishiba et al. 2000 , which were classified into four groups (A, B, C and D) by Ando et al. (1999) according to their constituents and contents of major anthocyanins and their difference in pigment biosynthesis patterns with respect to the presence of blocking mechanisms or inhibitors for hydroxylation, glucosylation and acylation reactions.
Cultivars of garden petunias (Petunia hybrida Vilm.) have been bred since the early 1830s (Paxton 1836) . The progenitors of garden petunias have been presumed to be of two species groups, P. axillaris complex with a white flower, and P. integrifolia complex with a purple flower (Ferguson and Ottley 1932, Sink 1975) , which were classified into A group and D group, respectively by Ando et al. (1999) . However, there is no clear evidence to show which taxa were actually used as genetic donors for garden petunias. After a long controversial history of classification of P. axillaris (Steere 1931 , Ferguson and Ottley 1932 , Cabrera 1977 , Wijsman 1982 , Ando (1996) revealed that the P. axillaris complex consists of three subspecies, ssp. axillaris, ssp. parodii and ssp. subandina, which are morphologically similar to each other except for the flower characters: ssp.
axillaris having didynamous stamens, two long, two medium and one short, a short corolla tube, and rounded corolla lobes; ssp. subandina having the same didynamous stamens as ssp. axillaris, a long corolla tube, and acute corolla lobes; ssp. parodii having four long stamens of equal length and a short one, a long slender corolla tube, and acute corolla lobes. Since these three subspecies are morphologically similar to each other except for the flower characters, it is difficult to identify subspecies of P. axillaris before blooming, which has caused a long history of confusion in recognizing infraspecific taxa in P. axillaris complex (Steere 1931 , Ferguson and Ottley 1932 , Cabrera 1977 , Wijsman 1982 , Ando 1996 .
The classification of P. integrifolia complex has also been controversial (Fires 1911 , Smith and Downs 1966 , Wijsman 1982 . Fires (1911) noted that one of the main characters distinguishing P. integrifolia and P. inflata is the pedicel condition in the fruiting state: the pedicels are deflexed in P. integrifolia, whereas inflexed in P. inflata. However, Wijsman (1982) discovered that both flower size and pedicel condition were correlated with geographical distribution, and concluded that P. integrifolia and P. inflata were not distinct species, but were subspecies of a single, broadly defined species. In contrast, Ando et al. (2005) recognized that P. integrifolia and P. inflata are allopatric species based on their geographically distinct distributions and the statistically significant gaps between morphological measurements in these two taxa. However, because of their close similarity in morphological characters, there have been no distinct qualitative indicators to distinguish them until now.
In the genus Petunia, several molecular studies have been reported to clarify the relationships among the several taxa, such as RFLP analysis of ribosomal DNA (Kabbaj et Communicated by H. Yamagishi Received October 15, 2007 . Accepted January 16, 2008 al. 1995), DNA amplification fingerprinting (Cerny et al. 1996) , sequence polymorphism in a chalcone synthase intron (Griesbach et al. 2000) , and RFLP analysis of chloroplast DNA (Ando et al. 2005) . Kulcheski et al. (2006) attempted to analyze 11 taxa of Petunia using combined data of nuclear ribosomal DNA sequences and plastid DNA sequences. However, none of these molecular studies was designed to provide molecular evidence for distinguishing the taxa within P. axillaris and P. integrifolia complexes.
One of the most useful methods for investigating taxonomic and phylogenetic relationships among living organisms of all types is the comparison of particular DNA sequences. Sang (2002) clearly stated that sequences of single or low-copy nuclear genes are particularly helpful to understand inter-and intra-specific relationships of various plant groups. Recently, we found that DNA sequences of the 19th intron and 20th exon of the PolA1 gene showed speciesspecific variation in the genus Oryza (Takahashi and Nakamura 2005) . The PolA1 gene encodes the largest subunit of RNA polymerases I and presents as a single copy per haploid genome in almost all plants. In the present study, we focused on sequence variability in the PolA1 19th intron and 20th exon to distinguish closely related taxa in P. axillaris and P. integrifolia complexes, and provide evidence for the usefulness of the PolA1 gene as a nuclear marker to discriminate these taxa.
Materials and Methods

Plant materials
Seeds of 5 wild Petunia taxa with 2 accessions per taxon were collected from geographically isolated wild localities (Table 1) . Plants raised from seeds were grown in a greenhouse, following standard horticultural practices for garden petunias, and used for DNA analysis. As out-group material, a vegetative cultivar 'Million Bell' (MB) of the genus Calibrachoa, which is a closely related genus to Petunia, was obtained from Suntory Flowers Ltd., Japan and cultivated under the same conditions as petunias.
Genomic DNA isolation and PCR amplification
Genomic DNA was extracted from ca. 0.5 g of young leaves of every accession using a modified CTAB method (Lassner et al. 1989) . The forward primer, designated 19ex5P (5′-CTCGCTGGACGGGGTGAGATGAATG-3′), and the reverse primer, designated 21ex3P (5′-ATACTTTC TTTGCAGCTTTTGGG-3′), were designed based on the PolA1 gene (GenBank accession No. NM_125397) of Arabidopsis thaliana and EST (GenBank accession No. BI179110) of potato, respectively. DNA fragments containing 19th intron and 20th exon sequences of the PolA1 gene were amplified by PCR using a pair of 19ex5P and 21ex3P primers (Fig. 1) .
The reaction mixture of 25 µl contained 10-50 ng of genomic DNA, 1 unit of Ex Taq DNA polymerase (TaKaRa Co., Japan), 2.5 µl of 10× buffer (100 mM Tris-Cl, 500 mM KCl, and 15 mM MgCl 2 , pH 8.0), 2 µl of 2.5 mM dNTPs, 1 µl of 2.0 µM each primer (19ex5P and 21ex3P), and 17.5 µl of distilled water. PCR was performed with a condition of 35 cycles of 94°C for 1 min denaturation, 58°C for 1 min annealing, and 72°C for 2 min elongation in a PTC200 Thermocycler (MJ Research Co., USA).
Direct Sequencing of PCR products
The amplified PCR products were subjected to 1.2% agarose gel electrophoresis, purified with QIAquick PCR Purification Kit (Qiagen Co., USA), and directly sequenced with 19ex5P or 21ex3P primer used for PCR amplification by an ABI3100 Automated DNA Sequencer with a Big Dye Terminator Cycle Sequencing Kit (Applied Biosystems Co., USA), and 20ex3P (5′-ACCATCCCCATAATCCATCTCA TC-3′) or 20ex5P (5′-TCAAGACAAGCTCGGAATCAGT GG-3′) primer was used as an internal sequencing primer. The two internal primers were designed based on the partially determined sequences of PolA1 20th exon of Petunia in this study.
The determined sequences of the 19th intron and the 20th exon of the PolA1 gene were analyzed using a NCBI web-based Blast server (Altschul et al. 1990 ) and aligned using CLUSTAL W (Thompson et al. 1994 ) with manual refinement. The aligned sequences were subjected to phylogenetic analysis using Maximum Likelihood software, with bootstrap analysis using 1000 replicates, from the PHYML package (Guindon and Gascuel 2003) of the Pasteur Institute, France (http://bioweb.pasteur.fr/intro-uk.html#phylo). The Calibrachoa cultivar MB was used as an out-group sample.
The DNA sequences described in this paper have been deposited in the DDBJ DNA database (accession nos. AB369403-AB369413).
Results
Amplified DNA fragments
DNA fragments (ca. 1.3 kb in length) containing the 19th intron and 20th exon of the PolA1 gene were clearly amplified by PCR using extracted total DNA as templates in 10 accessions of five taxa. Although faint shorter bands (ca. 500 bp) were also observed, they did not affect the direct sequencing of PCR products. From the length of fragments amplified, it was difficult to discriminate all the taxa examined in the present study by 1.2% (w/v) agarose gel electrophoresis (Fig. 2) .
Polymorphisms in the sequences of PolA1 19th intron
The PolA1 19th intron sequences of P. axillaris complex, P. integrifolia complex and Calibrachoa MB were 207 bp, 214 bp and 212 bp in size, respectively. The nucleotide substitution (G/A) at the 19th position and a 7 bp insertion/deletion between 52nd and 58th were uniquely shared by all six accessions of P. axillaris (Table 2) . Two accessions of P. axillaris ssp. parodii showed a nucleotide substitution A/G at the 50th position. P. inflata A9 accession showed an additional heterologous site (A and T) at the 81st position (Table 2) .
Polymorphisms in the sequences of the PolA1 20th exon
The PolA1 20th exon sequences of P. axillaris complex, P. integrifolia complex and Calibrachoa MB were 775 bp, 772 bp and 757 bp in size, respectively. All accessions of the P. axillaris complex had a 3 bp longer exon with a 3 base duplication (AAG) than P. integrifolia complex at the 612-613th position (Table 2) . Moreover, five independent nucleotide substitutions (positions at 298th, 370th, 475th, 479th and 663rd) were found in common in the P. axillaris complex. Within the P. axillaris complex, ssp. subandina was clearly discriminated from the other two subspecies by two nucleotide substitutions, A vs. G (44th and 514th). P. integrifolia complex shared one common nucleotide substitution (A/G) at the 627th position. Within the P. integrifolia complex, P. integrifolia showed two specific nucleotide substitutions (T and A at 241st and 754th, respectively), while P. inflata showed one specific nucleotide substitution (T at 629th).
Phylogenetic tree using PolA1 19th intron and 20th exon sequence variations
In each three taxa of P. axillaris complex, each two accessions showed identical sequences in the 19th intron and 20th exon of the PolA1 gene. The 11 aligned sequences of the gene were analyzed using DNA Maximum Likelihood analysis of PHYML. The majority consensus tree was calculated and drawn by drawtree software (Fig. 3) . The obtained phylogenetic tree clearly showed that P. integrifolia and P. axillaris complexes formed separated clades. A similar tree with the same topology was also obtained by DNA distance and Neighbor-Joining analyses (data not shown). In the P. integrifolia complex, two species, inflata and integrifolia, were clearly separated into each group. In the P. axillaris complexes, three branches corresponding to each taxon, ssp. parodii, ssp. subandina and ssp. axillaris, were clearly separated, respectively. The Calibrachoa MB formed a different clade from P. integrifolia and P. axillaris complexes.
Discussion
In the present study, we successfully sequenced the 19th intron and 20th exon of the PolA1 gene of 5 taxa (2 accessions per taxon) in the genus Petunia; i.e. 3 subspecies in P. axillaris complex and 2 species in P. integrifolia complex, respectively. Sequence variations clearly identified the two complexes as separate large groups with eight differences (Table 2 and Fig. 3) , showing large disparity between them in accordance with A and D groups classified on the basis of the analysis of flower color . Each corresponding taxon within these complexes was also identified with 1-3 differences. Between two species of the P. integrifolia complex, P. integrifolia and P. inflata, three unique nucleotide substitutions were found in PolA1 20th exon. On the other hand, within the P. axillaris complex, ssp. parodii has 1 unique nucleotide substitution in PolA1 19th intron, whereas ssp. subandina has 2 unique nucleotide substitutions in PolA1 20th exon (Table 2) . Thus, the present study clearly showed the usefulness of the sequence of the 19th intron and 20th exon of the PolA1 gene.
The variations found in this study would be useful to develop DNA markers such as single nucleotide polymorphisms (SNPs) or sequence-characterized amplified region (SCAR) markers for early discrimination of the taxa before blooming, phylogenetic analysis of the genus Petunia, and to resolve the breeding history of garden petunias (Petunia hybrida). We would also be interested in the phylogenetic relationships within all species of the genus Petunia if the sequences of the PolA1 gene could be analyzed on the other 14 taxa. 
PolA1 19th intron and 20th exon sequences of Calibrachoa 'Million Bell' (MB) were used as an out-group. The sequences of P. integrifolia complex and P. axillaris complex were compared with those of Calibrachoa MB and only unique sites of Petunia were shown in this Table. b Number indicates position of the unique site based on the sequence of 19th intron (214 bp) or 20th exon (772 bp) in P. inflata A7. Dot indicates the same base with Calibrachoa MB. Dash indicates deletion and underbar between 612 and 613 shows insertion site. Fig. 3 . Phylogenetic tree was constructed using combined sequences of 19th intron and 20th exon in PolA1 gene by DNA maximum likelihood analysis of PHYML. P. inflata (A7, A9), P. integlifolia (U106, B294), P. axillaris subsp. subandina (A100, A203), P. axillaris subsp. axillaris (U1, U157), P. axillaris subsp. parodii (U27, A298), Calibrachoa 'Million Bell' (MB).
